Abstract Immunotherapy with the EGFR-specific mAb cetuximab is clinically effective in 10-20% of patients with squamous cell carcinoma of the head and neck (SCCHN). Little information is available about the mechanism(s) underlying patients' differential clinical response to cetuximab-based immunotherapy, although this information may contribute to optimizing the design of cetuximab-based immunotherapy. Our understanding of these mechanisms would benefit from the characterization of the variables which influence the extent of cell dependent-lysis of SCCHN cells incubated with cetuximab in vitro. Therefore, in this study we have investigated the role of FccR IIIa-158 genotype expressed by effector NK cells, cetuximab concentration, and EGFR expression level by SCCHN cells in the extent of their in vitro lysis and in the degree of NK cell activation. PBMC or purified CD56
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? NK cells genotyped at IIIa codon 158 and SCCHN cell lines expressing different levels of EGFR have been used as effectors and targets, respectively, in antibody dependent cellular cytotoxicity (ADCC) assays. Furthermore, supernatants from ADCC assays were analyzed for cytokine and chemokine levels using multiplexed ELISA. We found that the extent of lysis of SCCHN cells was influenced by the EGFR expression level, cetuximab concentration, and FccR polymorphism. Effector cells expressing the FccR IIIa-158 VV allele were significantly (P \ 0.0001) more effective than those expressing FccR IIIa VF and VV alleles in mediating lysis of SCCHN cells expressed higher levels of the activation markers CD69 and CD107a, and secreted significantly (P \ 0.05) larger amounts of inflammatory cytokines and chemokines. IL-2 or IL-15 treatment increased cetuximab-mediated ADCC by poor binding FccR IIIa 158 FF expressing NK cells. The importance of the FccR IIIa-158 polymorphism in cytotoxicity of SCCHN cells by NK cells supports a potential role for immune activation and may explain patient variability of cetuximab mediated clinical responses. Cellular and secreted immune profiles and FccR genotypes from patients' lymphocytes may provide clinically useful biomarkers of immune activation in cetuximab treated patients.
Introduction
The epidermal growth factor receptor (EGFR) has become one of the most promising therapeutic targets in the treatment of solid malignancies, including squamous cell carcinoma of the head and neck (SCCHN) [1, 2] . Immunotherapy with the EGFR-specific IgG1 mAb, cetuximab, significantly improves survival of SCCHN patients with advanced or metastatic disease [3, 4] , but responses are limited to 10-20% of patients. The available evidence is compatible with the possibility that the beneficial effects of cetuximab administration on the clinical course of the disease reflect both inhibition of EGFR tyrosine phosphorylation and triggering of antibody-dependent, cell-mediated cytotoxicity (ADCC) of SCCHN cells. In this lytic reaction, cetuximab coats EGFR, and binds to Fcc receptors (FccR) expressed on effector cells; this interaction triggers their activation and degranulation, resulting in the lysis of antibody coated target cells. The extent of in vitro ADCC of malignant cells mediated by tumor antigen-specific mAb such as CD20-and HER2-specific mAb is influenced by several variables such as expression of the target antigen and mAb concentration. More importantly, FccR IIa and IIIa polymorphisms have been shown to play an important role in the clinical efficacy of mAb-based immunotherapy of malignant disease [5, 6] . Thus, beneficial clinical responses to immunotherapy with the CD20-specific mAb rituximab or with the HER2-specific mAb trastuzumab are correlated with the FccR IIIa VV polymorphism of the treated patients afflicted with lymphoproliferative diseases and breast carcinoma, respectively. In contrast, a recent report in cetuximabtreated colorectal carcinoma patients suggested that clinical response correlated with the FccR IIIa FF genotype [7] .
Despite this discrepancy, the variables which influence the extent of cell-dependent lysis of SCCHN cells mediated by cetuximab have been investigated only to a limited extent, although this information may contribute to our understanding of the mechanism(s) underlying the differential clinical responses of the patients treated with cetuximab-based immunotherapy and to optimizing the selection of patients treated with this type of immunotherapy. Therefore, in the present study we have investigated whether the extent of cell-dependent lysis of SCCHN cell lines mediated by cetuximab in vitro is influenced by the FccR IIIa-158 genotype expressed by effector NK cells, the level of EGFR expression on target cells, and the cetuximab concentration. Additionally, we have correlated the FccR IIIa-158 genotype with NK cell activation, degranulation, and cytokine secretion.
Materials and methods
Cell lines. The SCCHN cell lines PCI-15B, PCI-30, SCC-4, and UM-22B [8, 9] were grown in DMEM supplemented with 10% FBS at 37°C in a 5% CO 2 atmosphere.
Antibodies. The EGFR-specific chimeric mAb cetuximab (Erbitux, BMS Imclone, Princeton NJ) was purchased from the University of Pittsburgh Hillman Cancer Center Pharmacy. The CD16-specific mAb 3G8 (BD Biosciences, San Jose CA) and a human IgG1 isotype control were purchased from Sigma Aldrich, St. Louis, MO. The CD3-, CD16-CD56-, CD69-, CD16-, and CD107a-specific mAbs were purchased from R & D Systems (Minneapolis, MN) .
Cytokine. Recombinant human IL-2 and IL-15 were purchased from R & D Systems.
Cell sorting. PBMC were obtained from healthy donors through buffy coat lymphocytes purchased from the Western Pennsylvania blood bank. Whole blood or leukapheresis products were centrifuged through a Ficoll-hypaque gradient (Amersham Biosciences, Uppsala, Sweden). Enriched NK cells were obtained from PBMC using the human Easysep NK cell negative selection kit (Stemcell technologies, Vancouver, BC, Canada) according to the manufacturer's protocol. NK cell purity [95% was monitored using flow cytometry with CD3-, CD56-and CD16-specific mAbs.
Flow cytometry. Unfractionated PBMC or purified NK cells ([95% CD3 -, CD56 ? ) at 1 9 10 6 /ml in 1% BSA/ PBS were incubated for 30 min at room temperature with CD56-specific PE-Cy5.5 labeled mAb, CD69-specific FITC labeled mAb, CD16-specific PE-TR labeled mAb, CD3-specific PE labeled mAb, and CD107a-specific PE labeled mAb. Following three washings with media, cells were fixed with 2% PFA and analyzed with a Beckman Coulter EPICS XL flow cytometer. Data were analyzed using the EXPO 32 software (Beckman Coulter, Fullerton, CA).
FccR IIIa genotyping. The FccR IIIa-158 genotype was determined using a quantitative PCR-based assay kit from Applied Biosystems (Framingham, MA). Briefly, genomic DNA was extracted using the DNeasy Kit (Qiagen, Valencia, CA) following the manufacturer's protocol. Five to 50 ng of genomic DNA were added to a 25-lL reaction using 29 Taqman master mix (Applied Biosystems). Plates were run and analyzed for allelic expression using an ABI prism 7700 sequence detection system. Cytotoxicity assays. Cytotoxicity was determined using a 51 Cr or LDH release assay. Target cells were incubated in 100 lL of media with 25 lCi of Na 2 51 CrO 4 (Perkin Elmer, Boston MA) for 60 min at 37°C and resuspended in RPMI 1640 medium supplemented with 25 mM HEPES. Cells were thoroughly washed and plated at various effector: target (E:T) ratios in 96-well plates. Cetuximab was added at the specified concentrations, and peripheral blood mononuclear cells (PBMC) or purified NK cells were added at the specified effector:target (E:T) ratio. Plates were incubated for 4 h at 37°C in a 5% CO 2 atmosphere. Controls for spontaneous (cells only) and maximal lysis (cells treated with 1% Triton-X) and specificity mAb control (human IgG1 isotype) were included. Each reaction was done in triplicate and repeated three times. The supernatants were collected and analyzed with a Perkin Elmer 96-well plate gamma counter or analyzed for their LDH content using the Roche LDH cytotoxicity assay. Results were normalized with the formula lysis = (experimental lysis -spontaneous lysis)/(experimental lysismaximal lysis) 9 100, NK activity (cytotoxicity with human IgG1 mAb) was subtracted, and results were plotted on a graph.
Cytokine measurement. Cytokine concentrations in the supernatants of cytotoxicity assays were determined using a multiplexed ELISA (Luminex TM ). Briefly, supernatants collected from the cytotoxicity assays were tested for IFN-c, IL-8, MIP1a MIP1b and TNF-a levels using commercially validated kits (Biosource, Carlsbad, CA). A standard calibration curve was generated for quantification by serial dilutions using recombinant human cytokines as described [10] .
Statistical analysis. Equality of genotype frequencies between SCCHN patients and healthy controls was tested with a chi square test. All reported test results are two tailed. The significance of differences among the three groups was tested using the Kruskal-Wallis test. If the P value was B0.05, specific paired contrasts of interest were tested using the Wilcoxon test. All reported test results are two tailed.
Results
Role of FccRIII 158 polymorphism in the cetuximab mediated, NK cell dependent in vitro lysis of SCCHN cells PBMC lyse UM-22B SCCHN cells incubated with cetuximab [11] . NK cells are the lytic effector cells in PBMC, since their lytic activity in a 4-h ADCC assay is completely abrogated by NK cell depletion (Fig. 1a) . The lytic activity of NK cells is mediated by the interaction of FccR with cetuximab since incubation with the FccR IIIa-specific mAb 3G8 completely abrogated the activity of NK cells in 4-h ADCC assays (Fig. 1b) . The inhibitory activity of mAb 3G8 is specific, since incubation of NK cells with the human IgG1 isotype control mAb had no detectable effect on the extent of lysis (not shown). The extent of lysis of SCCHN cells is dependent on the E:T ratio and on the cetuximab concentration. Specifically, NK cell lytic activity was found to increase linearly at higher E:T ratios (Fig. 1c) . Therefore, all further experiments were performed with cetuximab concentrations [1 lg/ml. To determine whether polymorphism of the FccR IIIa receptor (Table 1) To investigate whether cytokine secretion was associated with lytic degranulation, the supernatants from these ADCC cultures were analyzed for the content of cytokines and chemokines associated with NK cell activation, and T cell chemoattraction using a multiplexed ELISA (Luminex TM ). In agreement with the results derived from the analysis of the activation phenotype of NK cells expressing different FccRIIIa genotype, the FccRIIIa-158 VV expressing NK cells secreted significantly higher levels of IFN-c, IL-8, MIP-1a, MIP-1b, RANTES, and TNF-a than NK cells expressing the FccRIIIa-158 FF genotype (P \ 0.05, Fig. 2b) . These results were reproduced independently utilizing NK cells from at least three donors of each genotype. On the other hand, no differences were detected in the levels of IFN-a, IL-2 or IL-15 in the supernatants harvested from ADCC assays using NK cells expressing different FccRIIIa-158 genotypes (data not shown).
Enhancement by cytokines of the lytic activity and activation marker expression level by NK cells with the poor responder FccR IIIa FF genotype
To determine whether the lytic activity and the expression level of activation markers by NK cells with the FccRIIIa-158 FF genotype could be enhanced by incubation with cytokines, FF-expressing NK cells from six healthy donors were incubated with IL-2 (20 IU/ml) or IL-15 (10 ng/ml) for 24 h at 37°C. These cells were then tested for their lytic activity in a 4-h ADCC assay which utilized SCCHN cells as targets and cetuximab (1 lg/ml). NK cells displayed significantly (Kruskal-Wallis test P \ 0.05) higher lytic activity after incubation with IL-2 or IL-15 (Fig. 3a) . Furthermore, the expression level of the activation markers CD69 and CD107a by IL-2 or IL-15 treated NK cells with the FccRIIIa-158 FF genotype approached that of NK cells with the FccR IIIa-158 VV (Fig. 2a) . Lastly, using a multiplexed ELISA, supernatants harvested from the ADCC assays showed a significant increase in the levels of secreted IFN-c, IL-8, MIP-1a, MIP-1b, and TNF-a, (P \ 0.05, two tailed, Fig. 3b ).
Differential effect of the level of EGFR expression by SCCHN cells on their susceptibility to cetuximab-mediated lysis by NK cells expressing different FccRIIIa genotypes
To investigate the effect of the level of EGFR expression by SCCHN cells on their susceptibility to cetuximabmediated lysis by NK cells with different FccR IIIa genotypes, the SCCHN cell lines PCI-15B, PCI-30 and SCC-4 which express different EGFR levels were tested for their susceptibility to cetuximab-mediated lysis by NK Fig. 4a , an association was found between the EGFR expression level on SCCHN cell lines and the extent of lysis when EGFR level was high; this association became less marked with a decrease in EGFR expression. It is noteworthy that even when the EGFR expression level was high, cetuximabmediated lysis of SCCHN cell lines by NK cells expressing the FccR IIIa FF allele was barely detectable. Since the SCCHN cells lines used as targets are allogeneic, the potential effect of variables other than EGFR expression on the extent of target cell lysis cannot be excluded. To overcome this limitation, we investigated the role of EGFR level in the extent of cetuximab-mediated lysis by NK cells, utilizing as targets derivatives of a SCCHN cell line in which the EGFR expression level was varied by RNA interference (RNAi). To this end, the EGFR ? SCCHN cell lines PCI-15B, PCI-30, SCC-4, and UM-22B were incubated with EGFR specific RNAi oligonucleotides for 48 h at 37°C. EGFR expression was consistently knocked down 75-80% as determined by cetuximab staining and flow cytometric analysis (not shown). The EGFR knockdown was specific, since no change was detected in EGFR expression on SCC-4 cells incubated with scrambled control RNAi oligonucleotides under the same experimental conditions. Parental PCI-15B, PCI-30, SCC-4 cells and UM-22B, and PCI-15B, PCI-30, SCC-4, and UM-22B cells after EGFR knockdown, respectively, were compared in their susceptibility to lysis in 4-h ADCC assays (Fig. 4b) . In these assays, cetuximab was used at concentration of 10 lg/ml, and purified NK cells expressing the FccR IIIa-158 VF genotype were used as effectors. In three of the four SCCHN cell lines, under the experimental conditions used, knockdown of EGFR was associated with a reduction in the extent of cetuximab-mediated lysis of SCCHN cells.
Lack of detectable effect of EGFR vIII variant on the susceptibility of SCCHN cell lines to cetuximab-mediated, NK-cell-dependent lysis
Mutant forms of EGFR have been linked to several tumor types, with the most common mutant in SCCHN being the variant III (vIII) EGFR mutation. This extracellular domain truncation mutant which possesses ligand-independent receptor tyrosine kinase activity is found in approximately 42% of SCCHN tumors and has been reported to bind cetuximab weakly [13] . To determine whether the vIII mutant has an effect on cetuximab-mediated lysis of SCCHN cells by NK cells, UM-22B cells stably transfected with the vIII EGFR mutant were compared to the parental cells in their susceptibility to lysis in 4-h ADCC assays. Purified NK cells expressing FccR IIIa-158 VF from five donors were used as effectors at an E:T ratio of 20:1; cetuximab was used at concentrations ranging from 0.1 ng/ml to 50 lg/ml. Cells transfected with a control vector were used as a control. Figure 5 shows that the presence of the vIII EGFR variant had no detectable effect on ADCC at any of the cetuximab concentrations tested. Cr labeled UM-22B target cells for 4 h at an E:T ratio of 20:1. b Supernatants of the ADCC assays in Fig. 3a except the VV were harvested and analyzed using multiplexed ELISA (Luminex TM ) to quantitate levels of cytokines and chemokines shown. Data are the average of six experiments
Discussion
Despite the clinical efficacy seen in the phase III trials of cetuximab as therapy for SCCHN and colorectal cancer, the exact mechanism(s) of action of this mAb is not certain, and responses are seen only in a subset of 10-20% of treated patients. Importantly, cetuximab treatment of SCCHN cells in vitro does not induce tumor cell apoptosis or lysis, and this only occurs when lymphocytes are added to the culture, supporting an immune-mediated mechanism contributing to cetuximab's antitumor effect. EGFR signaling blockade is likely to play a role in the clinical responses seen in patients receiving cetuximab [12, 14] . However, the immune complexes formed on the surface of tumor cells treated with this agent provide an additional mechanism of tumor cell lysis [11] , as demonstrated in vivo in other tumor types [15, 16] and as we have demonstrated in vitro. Additional evidence in support of the role of immune-mediated responses in cetuximab therapy is provided by the lack of correlation between level of EGFR expression and clinical responses to cetuximab therapy, and by the recently reported correlation between certain FccR genotypes and clinical responses to singleagent cetuximab in colorectal cancer patients [7] . However, there is a conflict in the literature as to the exact FccR IIIa-158 genotype which mediates optimal lytic activity and is correlated with a better clinical outcome. Thus a better understanding of a mAb-mediated immune mechanism is crucial, since lack of this information presents a major barrier to improving clinical responses and circumventing cetuximab resistance in vivo.
In the present study, we extended our previous observations that cetuximab mediates cell-dependent cytotoxicity against SCCHN cells [11] . We found that the expression of an FccR IIIa-158 V allele correlates strongly with ADCC activity, NK cell activation, degranulation and secretion of several cytokines with anti-tumor activity. These findings provide in vitro evidence that cetuximab can mediate biologically important immune cell activation and tumor cell lysis, both of which may occur in patients receiving this mAb [17] , as observed with trastuzumab treated patients.
As mentioned earlier, our in vitro results are in agreement with those obtained for ADCC mediated by other mAbs, such as rituximab or trastuzumab, where the FccR IIIa VV allele demonstrates stronger antitumor activity. However, our data conflict with those of Zhang et al. [7] who found a correlation between the FccR IIIa FF and clinical response to single agent cetuximab in metastatic colorectal cancer. The latter report contradicts extensive in vitro data showing that the FccR IIIa-158 VV allele has a better binding to IgG1 antibodies [18, 19] and is correlated with a favorable clinical outcome in patients receiving rituximab as a treatment of follicular lymphoma [16] . In contrast, the FF polymorphism was correlated with lower response rates and decreased survival. Several reasons may be considered for this discrepancy. First, the trial by Zhang et al. [7] enrolled only 39 heavily pretreated patients, and found a marginal correlation with this polymorphism. Also, a second FccR polymorphism, FccR IIa-131 was correlated with clinical response in this study, complicating the interpretation and possible comparisons with more controlled in vitro studies, as described by others [15, 16] and in the present study. Furthermore, FccR polymorphisms have not been correlated with responses to rituximab therapy in diffuse large B cell lymphomas, another group of CD20
? malignancies [20] , suggesting that immune activation in mAb-based therapies might be tumor type specific. Thus, one must also consider that different tumor cell populations may explain the variability of these results. Finally, type I error exists as a potential explanation for the different results obtained by Zhang et al. [7] and by ourselves. The increase in risk of progression-free survival (PFS) associated with FF is 2.28 (95% CI = 0.78-6.63), and the adjusted P value = 0.114. The conclusions derived from this study which used cetuximab as a single-agent, a rarely used regimen, may not be applicable to the widely used regimens, which combine cetuximab with chemotherapy or radiotherapy.
Our study shows conclusively that EGFR level of expression has an impact on cetuximab-mediated ADCC, and we have shown this effect by modulating EGFR expression on syngeneic cell lines. This finding is consistent with the correlation between EGFR expression levels and the extent of cell-dependent lysis mediated by cetuximab which has been observed in several in vitro studies [24, 25] , including our own. It is noteworthy that our study has avoided the potential interference of variables other than EGFR expression level which may affect the susceptibility of different cell lines to cell-dependent lysis, since autologous cell lines with different EGFR expression levels were used as targets in ADCC. In our experiment, lysis of PCI30 had a blunted response to alterations in EGFR levels. This may be due to some intrinsic variable(s) that make(s) PCI30 susceptible to ADCC even at low levels of antibody binding. Our in vitro results conflict with studies which have shown that clinical responses to cetuximab-mediated therapy are not correlated with EGFR expression levels [21] [22] [23] . Level of EGFR expression in vitro influences the extent of lysis at all doses of cetuximab, but its effect is more pronounced in the presence of NK cells expressing the favorable FccR genotype (VV), and no study to date has correlated clinical outcome with both FccR IIIa genotype and EGFR level of expression as combined markers.
The EGFR vIII truncation mutant is found in [40% of SCCHN tumors and affords these tumors with a growth advantage as well as potential for resistance to cetuximab treatment [13] . Because cetuximab is a competitive antagonist of EGF and the vIII mutant's downstream signaling has been uncoupled from EGF binding, mechanistically it is consistent that this mutant would confer resistance to that pathway of treatment. However, it has been shown that cetuximab binds this mutant form of EGFR [26] [27] [28] , and these data leave open the possibility of an immune-modulated response to cetuximab binding to the mutant receptor. Alternatively, the vIII mutant might interfere with cetuximab binding to wild type EGFR. Our study demonstrates that the vIII mutant causes no detectable resistance to cetuximab-mediated, cell-dependent cytotoxicity of SCCHN cells when compared to wild type EGFR expressing cells. We note that the strength of these data is enhanced by the concurrent expression of wild-type EGFR in the stably transfected UM-22B cell line, which is also the case in vivo as all tumors that possess the vIII mutant form also express the wild-type form of EGFR. Several implications for cetuximab based clinical cancer therapy are apparent based on our results. First, the selection of the most appropriate candidates for cetuximab treatment could be based on specific FccR IIIa-158 genotypes, a parameter that could be used as a selection criterion or predictive biomarker of clinical responses. Second, monitoring serum concentrations of specific cytokines such as IFN-c, TNF-a, MIP-1a, MIP-1b, or a combination of these would facilitate real-time immune correlates of treatment efficacy and may serve as an early predictor of responses prior to clinical response (i.e. tumor shrinkage, RECIST criteria or treatment resistance). In this regard, we have previously used multiplex cytokine profiles to distinguish between patients with or without evidence of disease [29] , an analysis that would be feasible to perform related to treatment efficacy. We should keep in mind that other variables have an impact on cetuximab mediated ADCC. Among these are the triggering of tumor antigen-specific T cells and potential interference of cellmediated lysis by immune escape mechanisms [30] .
